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bstract

ery low thermal expansion materials have been developed in a wide temperature range from −150 ◦C to 450 ◦C. These very low expansion
aterials are composed of a lithium aluminosilicate matrix with dispersed silicon carbide nanoparticles. The nSiC content in the most stable

omposite has resulted to be 27 vol.%. Powder processing and sintering temperature control have been found to be of key importance in order to

btain low porosity sintered nanocomposites. Here it is proposed the sintering by pressureless methods (conventional sintering) in order to obtain
LAS–nSiC nanocomposite with improved mechanical properties and excellent expansion behaviour by means of control of the phase reactions

nd glass formation during sintering.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Materials with very low thermal expansion coefficient (CTE)
ave a wide range of applications in very different fields. These
aterials are required in many types of precision devices and in

nstrumental equipments of high technology systems, from the
icroelectronic industry to precision optics. In summary, in all

hose uses in which dimensional stability with changes in tem-
erature of any precision element is required, it will be necessary
o lower the material’s CTE which form those elements.

Tailor made CTE materials can be design making compos-
tes which combine phases with positive and negative CTE.
he lithium aluminosilicate (LAS) system is frequently used
ith this purpose in very different uses, from cook tops glass-

eramics to satellite mirrors in aerospace telescopes. Some
hases of this family have negative expansion coefficient and

re used in composites with tailored CTE. However, materials
ith negative CTE often have low fracture strength due to the

trong anisotropy between the different crystallographic orien-
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ations, in which it is common to find the negative behaviour in
ne direction and positive in the others. This anisotropy causes
icrocraking which results in low values for the mechanical

roperties of these materials. Nevertheless, the usefulness of
hese expansion properties for the fabrication of very low CTE
omposites has a wide potential in many fields in engineering,
hotonics, electronics and certain structural applications.1 The
egative expansion phase in the LAS system is �-eucryptite
LiAlSiO4), due to the large negative expansion in the one of its
rystallographic directions. Spodumene (LiAlSi2O6) and petal-
te (LiAlSi4O10) have close to zero CTE.

The traditional method of fabrication of LAS materials is
he glass processing to produce glass-ceramics. This method
llows the CTE control by the crystallization of LAS phases
rom a melt phase obtaining a glass-ceramic at lower temper-
tures with adjusted CTE.2 Frequently, this method requires a
ighly controlled and complicated processing in order to avoid
eterogeneities. In addition, as consequence of the high amount
f glass phase, the mechanical properties are relatively poor

in comparison with other ceramic materials) which make these
aterials unsuitable for certain industrial applications, for exam-

le, some satellite mirror blanks. This is the case of Zerodur®

ery often used in many applications, included satellite mirror

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.003
mailto:o.garcia@cinn.es
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lanks, but with too low fracture strength and elastic modu-
us values. New requirements in the dimensions and uses of
atellite mirrors make the properties of glass-ceramic materi-
ls insufficient to fulfil properties needed during launch and
se of satellites. Therefore, it is necessary an alternative to the
lass-ceramic materials in order to improve their mechanical
roperties. There are other materials with better mechanical
erformance than glass-ceramics, as cordierite ceramics and
nvar® but their properties (thermal and mechanical) can still
e improved. The design of composites with very low CTE
sing negative LAS matrix with addition of second phases with
ositive CTE, as the materials described in,3–7 seems to be a
romising alternative. This option is very interesting as together
ith the CTE design for a certain temperature range, also other
roperties can be design, adding the proper amount and type of
econd phases in the matrix. This has been tested successfully
n6 where they have obtained a zero expansion material at room
emperature with high elasticity for a LAS–SiC composite simi-
ar to the one proposed in our study. In that study, it was reported
he influence of the silicon nitride addition on the sinterability of
AS–SiC composites which resulted in close to theoretical den-
ity materials with excellent thermal and mechanical properties.
n the other side, a lot of work has been done in the SiC/LAS
omposites using SiC fibres and whiskers8–14 and in most of
hem the LAS matrix is a glass-ceramic. From those studies one
an realize that there are great difficulties to densify such com-
osites, the processing methods are not simple and frequently it
s need to sinter the materials by pressure assisted methods.

It is well known that the sintering of LAS materials to obtain
ense ceramic bodies is quite complicated.15 This is due to their
arrow range of sintering temperatures and the easy formation
f vitreous phase as the invariant points in this system are found
t relatively low temperatures.16 The large difference between
he sintering temperatures of LAS phases and SiC make it even

ore difficult to obtain dense bodies of this type of composites
n the solid state.

In the present study we have examined the way of obtain-
ng a LAS/SiC nanocomposite by conventional sintering in
nert atmosphere without sintering aids, by a simple fabrica-
ion method which allows the production of large pieces with
omplex shapes (impossible to obtain by pressure assisted meth-
ds). The sintering will be adjusted trying to avoid the presence
f glass phase in order to obtain a very low CTE material in
wide temperature range (not only at room temperature) with

mproved mechanical properties. The processing method and the
ontrol of the microstructure are the key points to develop such
anocomposites together with a fine temperature control during
intering.

. Experimental procedure

�-Eucryptite solid solution powders with a composition
:1.0009:3.109 of LiO2:Al2O3:SiO2 has been synthesized by

he method proposed in a previous study.17 The synthesis
s based on blending kaolinite with lithium carbonate and
etraethylorthosilicate. The LAS powders so synthesized have
mean grain size of 1 �m and they have been characterized for

2
c
f
a

an Ceramic Society 30 (2010) 3219–3225

heir CTE behaviour as described in.17 Negative CTE values
f the LAS sintered samples have been used to design com-
osites with very low expansion in a wide temperature range
aking into account the estimated final sintering temperature of
he nanocomposite. As it has been shown in,17 there is a rela-
ion of the CTE with the sintering temperature. The CTE of the
AS phase used in this study becomes more negative at higher
intering temperatures. This has to be taken into account in the
esign of a composite were there are second phases in different
mounts which will change the final sintering temperature of the
omposite itself. The SiC powders used to prepare the very low
TE composite are commercial nano-SiC powders from Hubei
ith a mean grain size below 100 nm. Sintered nSiC has also
een characterized to obtain a CTE value in order to design the
ery low CTE composite. Different proportions of LAS–nSiC
ave been tested in order to obtain a very low thermal expansion
omposite in the temperature range of −150 ◦C to +150 ◦C. The
ixtures were made in ethanol under mechanical stirring (ball
illing) for 60 min. After that, some samples have been homog-

nized and milled by high energy attrition mill at 300 rpm during
0 min. Both dispersions were dried at 100 ◦C overnight and the
btained powders were sieved under 63 �m. The powders were
sostatically pressed (200 MPa) into small cylinders. The con-
ormed materials were sintered in Ar atmosphere at temperatures
etween 1300 ◦C and 1400 ◦C with a ramp of 300 ◦C/h and 2 h
f dwell time.

The sintered samples were ground into powder to study the
hase composition by XRD with a difractometer SIEMENS® (D
000), with “Bragg-Brentano” geometry and CuK� radiation at
0 kV and 30 mA (λ = 0.15418 nm).

Samples were cut, polished and Au coated to observe
he microstructures with a SEM Zeiss DSM 950. Densi-
ies were measured by He picnometry for theoretical density
nd by Archimedes method for apparent density. The Young
odulus has been estimated from measurements of the

esonance frequency by a Grindosonic instrument and the frac-
ure strength was calculated by the four-point method with
mm × 4 mm × 50 mm polished surface bars in an Instron 8562
pparatus. Finally, a Netzsch DIL402C dilatometer was used to
easure the elongation of the sintered samples and the dynamic

intering of pressed green bars.

. Results and discussion

.1. Choosing a very low CTE composition

The law of mixtures has been applied to design the very
ow thermal expansion coefficient composite in the tempera-
ure range of −150 ◦C to +150 ◦C. Nevertheless, experimental
esults for a wider temperature interval are shown, up to +450 ◦C
Fig. 1). For the temperature range of −150 ◦C to +150 ◦C, the
TE values of the LAS and SiC sintered materials are −2.90 and

.38 × 10−6 K−1 respectively. The law of mixture did not suc-
eed to give a zero expansion composite. Composites with the
ollowing volume percentage of LAS–SiC have been prepared
nd sintered at 1300 ◦C: 95/5, 83/17, 73/27 and 70/30. With this
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ig. 1. Expansion versus temperature of the LAS–nSiC sintered materials tested
o adjust the CTE value.

rst test we aimed to choose the closest to zero CTE composition
n order to make a deeper sintering study afterwards.

Dilatometries in the temperature range of −150 ◦C to
450 ◦C show the expansion behaviour of these composites as

llustrated in Fig. 1. The temperature reference for the dilato-
etric tests is room temperature. The LAS/SiC composite with

omposition 73/27 is the one that shows the more stable curve
with the less steep elongation curve). Composition 70/30 also
ives a low absolute expansion but have a steeper slope at
igh temperatures. The CTE value of the composite 73/27
s very low (−0.28 × 10−6 K−1 in −150 ◦C to +150 ◦C and
.32 × 10−6 K−1 in −150 ◦C to +450 ◦C). This composition has
een chosen for the sintering study that is described below. In
rder to obtain low porosity composites with improved thermal
nd mechanical properties it was carried out a study of the sin-
ering conditions for the sample with the composition LAS/nSiC
3/27 vol.%.

.2. Sintering study

The following sintering study has been performed in order

o obtain high density composites without sintering aid com-
onents and by means of pressureless sintering methods. It is
mportant to focus on sintering process in the solid state, as the
resence of glassy phase can have strong effects on the elastic

p
d
c
s

ig. 2. SEM microphotographs. (a) and (b) are polished sections of the same LAS–nS
ame magnification is shown (5000×).
ig. 3. Dynamic sintering curve for pure LAS (100LAS0SiC) and the
3LAS27SiC nanocomposite.

nd thermal properties of the composite. For applications such as
atellite mirrors, it is also relevant that the final material would
e highly homogeneous in order to have a final polished sur-
ace free of heterogeneities for a high quality optical surface,
o both, porosity and glass, should be minimized to fulfil this
equirement.

The processing method of the powders has result also relevant
n order to achieve highly homogeneous materials. Fig. 2 shows
he results of two sintered samples with the same composition
ut processed by two different methods. Sample of Fig. 2a was
rocessed by ball milling, and high energy attrition milling was
sed in sample of Fig. 2b. It can be observed how the high
nergy attrition milling yields to more homogeneous materials
ith lower porosity. Tests of processing with ordinary attrition
illing have been performed and results were similar to those of

all milling, with insufficiently homogeneous materials. These
wo process methods, ball and attrition (not high energy) milling
re very commonly used in ceramic processing and have shown
o be unsatisfactory to produce homogeneous powders for this
omposite.

The second essential point for the LAS–nSiC nanocom-

osites sintering is the temperature control. Fig. 3 shows the
ynamic sintering curves for both, the LAS matrix used in the
omposite, and the LAS–nSiC composite itself in argon atmo-
phere. Sintering of both samples starts at around 900 ◦C. For

iC composition mechanically mixed and high attrition milled respectively. The
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ig. 4. FE-SEM images of the fracture surface microstructure (secondary elect
d) (back scattered electron image) correspond to the polished surface of 1390 ◦

he LAS sample, the slope of the curve dramatically changes at
round 1350 ◦C where the sample seems to start melting. For the
AS–nSiC sample it can be observed that the slope of the curve
moothes down at around 950 ◦C up to 1210 ◦C probably due to
ensification impediment caused by the SiC phase nanoparticles.
ensification takes place in solid state and must be related to
rain boundary diffusion. The presence of second phases slows
own this mechanism as it is discussed below. Over 1210 ◦C the
lope changes again as a consequence of the matrix contraction
t higher temperatures. According to these curves it is not pos-
ible to obtain high density sintered LAS–nSiC nanocomposites
n the solid state. The key point in order to obtain higher den-
ity LAS–nSiC nanocomposites will be adjusting the sintering
emperature maintaining a dwell time long enough.

The effect of SiC addition to the LAS matrix, as we have
een from the dynamic sintering test, is to raise the sintering
emperature of the composite compared to the LAS matrix sin-
ering temperature. This is in well agreement with the melting
oints reported in6 for the LAS matrix (1417 ◦C) and for the
AS–20% SiC composite (1416 ◦C). The addition of 20% SiC

o the LAS matrix does not affect the melting point (only 1 ◦C).
he melting point for the LAS phase used in our study is sensibly

ower as observed by dilatometry and estimated by thermody-
amic calculations using the software MTDATA,18 which gives
solidus temperature for this LAS composition of 1388.8 ◦C and
liquidus temperature of 1415.4 ◦C. If the melting point of the
atrix and the composite is very similar, and as we have pointed

ut, the densification takes place in the solid state, the sintering

emperature should be the same. But this is not the case, and it is
ell known the difficulty to obtain dense LAS–SiC composites
ithout additives,6 (which low the sintering temperature by the

ormation of a glass phase), and with pressureless methods. The

g
t
l
a

ages) of sintered samples at (a) 1350 ◦C, (b) 1370 ◦C and (c) 1390 ◦C. Image
tered sample.

xplanation is that SiC nanoparticles, which are situated at the
AS grain boundaries, have a high melting point (∼2700 ◦C)
nd, consequently, a very low diffusion capability at the sin-
ering temperatures we are dealing with (<1400 ◦C). For this
eason, SiC nanoparticles hinder the densification of the LAS
atrix by means of impeding diffusion between the LAS grains

n the matrix. Fig. 4 shows the microstructure where the nSiC
articles are distributed around the LAS grains producing this
mpeding effect.

According to this, and in order to obtain high density materi-
ls with the lowest glass phase amount there have been tried
ifferent sintering temperatures with 2 h dwell time and the
aterial’s properties were evaluated.
Using high enough temperatures to obtain dense bodies but

ontrolling the glass formation is possible thanks to the chemical
tability of the used LAS phase at such high temperatures for
he LAS system.16,17

Fig. 5 shows the difractograms of the starting powder and one
f the sintered samples chosen as an example as all the samples
how the same result: there is no reaction between �-eucryptite
nd SiC and the same diffraction pattern can be observed before
nd after sintering. The control on the LAS stability and the
lass formation allow us to perform several sintering cycles from
350 ◦C to 1400 ◦C. Densities vary from 77% to 95% of the the-
retical density in this temperature range. Results are depicted
n Table 1 for the sintering cycles between 1350 ◦C and 1390 ◦C
s the 1400 ◦C sintered sample suffered catastrophic melting.
his is in agreement with the thermodynamic estimations of the

lass phase formation in the LAS matrix. We have mentioned
hat the estimated solidus temperature is1388.8 ◦C, so the first
iquids are not formed in the sintered samples between 1350 ◦C
nd 1380 ◦C. The sample sintered at 1390 ◦C (very close to the
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Fig. 5. XRD patterns of the LAS–nSiC starting material and the sintered
LAS–nSiC composite at 1390 ◦C. Arrows mark the most important SiC peaks
in pattern.

Table 1
Results of the sintered samples.

T (◦C) E (GPa) σf (MPa) Density (% t.d.) α −150 to 450 ◦C

1350 64.0 ± 0.3 69.9 ± 0.8 77.02 ± 0.3 −0.02 × 10−6

1360 67.8 ± 0.2 85.1 ± 0.3 80.24 ± 0.2 −0.03 × 10−6

1370 79.9 ± 0.3 90.8 ± 0.3 83.87 ± 0.4 0.07 × 10−6

1380 106.4 ± 0.4 114.6 ± 0.4 93.55 ± 0.5 0.07 × 10−6

1390 105.0 ± 0.3 114.9 ± 0.3 95.56 ± 0.2 0.09 × 10−6
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Fig. 6. MTDATA calculation for the mass amount of liquid phase formed for the L
corresponds to the liquid phase.
ig. 7. Expansion versus temperature of the LAS–nSiC sintered at different
emperatures.

stimated solidus) must have some glass phase, but the estimated
mount of glass phase formed at this temperature is very low, as
an be seen in Fig. 6. The slope of the amount of liquid formed
ith temperature show an important increase at around 1407 ◦C,

o the amount of glass phase present at lower temperatures is
ery low at 1390 ◦C.

.3. Thermal expansion

The elongation behaviour of the sintered samples can be
bserved in Fig. 7 for a temperature range between −150 ◦C

nd 450 ◦C. All the samples show negative expansion behaviour
or the low temperature range up to approximately 100 ◦C and
hen change to positive up to 450 ◦C. Nevertheless the variation
s very small and the coefficient of thermal expansion of all the

AS composition 1:1.009:3.109 with increasing temperature. Curve labelled 1
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tudied samples is below 0.1 × 10−6 K−1 in absolute value for
he whole temperature range and they can be defined as very
ow thermal expansion materials. Detailed data of the alpha val-
es can be observed in Table 1. These results in the expansion
roperties of the composites are very important for applications
here the materials need to exhibit very low expansion in a
ide temperature range, for example in telescope mirrors for

atellites, where the temperature differences can be as high as
150 ◦C to 50 ◦C or even higher. These composites are good

andidates for this technology as they fulfil the thermal require-
ents, and the mechanical properties that they exhibit are good

ompared with materials which are now used in this application,
uch as Zerodur®.

The low amount of glass phase formed, as discussed above,
ogether with the relatively high density of the sintered mate-
ials and the excellent thermal properties make these materials
ood candidates to be used in technologies where highly homo-
eneous and ultrastable thermal properties are required. It has to
e said that the elastic properties are still low for some applica-
ions as the density of the samples is still below the theoretical
ensity values (95%). Post-HIP treatments on the sintered can
e applied to improve this density and consequently, the elastic
odulus of the samples. Table 1 shows the values of the Young’s
odulus and it can be seen that they are below the theoretical

alues which would be around 150–165 GPa, and also below
he 150 GPa reported in6 for a LAS–SiC composite with added
i3N4. Nevertheless, our results go beyond the elastic proper-

ies of the most commonly material now in use in the satellite
irror industry, Zerodur® with a Young’s modulus of 90 GPa.
lso the fracture strength is higher than that of LAS ceramics

nd glass-ceramics19 which is between 15 MPa and 30 MPa.
In summary, the values of elastic modulus, fracture strength

nd density increase with increasing temperature up to 1390 ◦C.
hermal expansion slightly increases from 1380 ◦C to 1390 ◦C.
pecific rigidity values over 40 GPa/g/cm3 are reached for the
ighest temperatures which is in good agreement with other
alues other LAS–SiC composites3 and can be improved either
sing sintering aids,6 which can affect the homogeneity prop-
rties, or by post-HIP treatments. Also, improving the final
ensity by post-HIP treatments could yield even better values
or the mechanical properties with controlled glass phase for-
ation during the treatment. In this work it has been shown

hat it is possible to obtain a very low thermal expansion mate-
ial in a wide temperature range with improved mechanical
roperties and that it can be produced by pressureless sinter-
ng methods. These methods open the possibility of obtaining
arge sintered bodies with complex shapes which are much

ore difficult or even impossible to obtain by pressure assisted
ethods.

. Conclusions
High energy attrition milling of LAS–nSiC powders pro-
uce fine and homogeneous mixtures which can be densified
o relatively high density values by pressureless or conventional
intering methods without additives. These relatively dense bod-
an Ceramic Society 30 (2010) 3219–3225

es are composed of �-eucryptite and SiC after sintering with
ery low amounts of glass phases. Densities can be improved by
ost-HIP treatments. The expansion behaviour of the sintered
odies show very low alpha values for a wide temperature range
ncluding cryogenic conditions which is essential for some appli-
ations such as satellite mirror blanks. The so obtained materials
ave improved mechanical properties and higher Young modu-
us compared with other very low CTE materials used in such
pplications. The conventional sintering methods used open the
ossibility of large and complex shaped pieces that are other-
ise difficult to obtain by pressure assisted sintering methods.
he achieved low amount of glass phase formed during sin-

ering, improve the homogeneity of the composites. All these
aterial’s properties makes them suitable for a wide range of

pplications like telescope mirrors and other applications in
ptics and electronics, as well as the mentioned satellite mirror
lanks.
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